Ultrafast light pulses can modify the electronic properties of quantum materials by perturbing the underlying, intertwined degrees of freedom. In particular, iron-based superconductors exhibit a strong coupling among electronic nematic fluctuations, spins, and the lattice, serving as a playground for ultrafast manipulation. Here we use time-resolved x-ray scattering to measure the lattice dynamics of photo-excited BaFe 2 As 2 . Upon optical excitation, no signature of an ultrafast change of the crystal symmetry is observed, but the lattice oscillates rapidly in time due to the coherent excitation of an A 1g mode that modulates the Fe-As-Fe bond angle. We directly quantify the coherent lattice dynamics and show that even a small photo-induced lattice distortion can induce notable changes in the electronic and magnetic properties. Our analysis implies that transient structural modification can generally be an effective tool for manipulating the electronic properties of multi-orbital systems, where electronic instabilities are sensitive to the orbital character of bands near the Fermi level.
One of the goals in materials research is to control quantum phases that emerge in strongly correlated materials, such as superconductivity and magnetism, since many of them exhibit exotic properties that promise applications in technology 1 . While the microscopic mechanism of such emergence remains elusive, it is generally agreed that the formation and competition of quantum phases results from a subtle balance among the strongly coupled spin, charge, lattice and orbital degrees of freedom. Shifting this balance provides a promising avenue to manipulate emergent phenomena in strongly correlated materials.
In equilibrium the electronic properties are typically modified by chemical doping or application of an external parameter, e.g., magnetic fields, strain or hydrostatic pressure [2] [3] [4] .
However, perturbing the subtle balance of interactions by using ultrafast light pulses to manipulate material properties in non-equilibrium transient states has recently received significant attention. Many studies, including the generation of coherent collective oscillatory states 5-8 and transiently induced phases which have no analog in thermal equilibrium [9] [10] [11] , have demonstrated the power of these techniques. To date, most information about these photo-induced states is obtained by optical or photoemission spectroscopy, providing only limited and indirect insight on the dynamics of the lattice degree of freedom. Therefore, it is important to directly probe the complementary structural dynamics of these photo-induced states via time-resolved x-ray scattering with femtosecond resolution.
BaFe 2 As 2 , a parent compound of the high-temperature superconducting iron pnictides 4, 12 , is an ideal system for manipulating electronic properties via transient structural modification, as the lattice couples strongly to the magnetic and electronic degrees of freedom. Upon cooling, the system first undergoes a structural phase transition (T s ), followed by a spindensity-wave (SDW) transition 13, 14 at T N , just 0.75 K below T s . Importantly, the existence of nematic electronic fluctuations has been demonstrated at even higher temperatures [15] [16] [17] [18] ; and their divergence drives the aforementioned structural phase transition. The electronic structure of pnictides also appears to be extremely sensitive to the Fe-As-Fe bond angle α (Fig. 1a) as it changes the hybridization of the iron 3d and arsenic 4p orbitals-evidenced by band We employ time-resolved x-ray scattering at the Linac Coherent Light Source (LCLS), an x-ray free electron laser (FEL), to directly measure the photo-excited lattice dynamics in BaFe 2 As 2 . We map the temporal evolution of the crystal structure by recording the diffraction pattern at different time delays ∆t between an 800 nm infrared (IR) pump pulse and the 8.7 keV x-ray probe pulse (Fig. 1b) . Recently, Rettig et al. 28 conducted a similar study.
Here we corroborate their findings, while also illuminating different experimental aspects and elucidating the impact of the lattice dynamics on the electronic and magnetic properties.
In particular, we investigate two questions: (i) Can the ultrafast photo-excitation trigger an ultrafast change of the crystal symmetry by perturbing the electronic nematic state?
(ii) How are the 5. and the antiferromagnetic phase transition (T N ) during slow cooling from a nominal temperature of T = 140 to 137 K. For T > T s the crystal structure is tetragonal, yielding a single peak on the detector (Fig. 2a) . Upon cooling, the (118) T peak splits (Fig. 2b-c) , as a consequence of the tetragonal to orthorhombic structural phase transition (space group:
. The detailed evolution of the peak-splitting near T s and T N is depicted in Fig. 2d : it occurs continuously for temperatures T s > T > T N , followed by a sudden jump at the SDW ordering temperature T N . This behaviour is equivalent to the results obtained in thermal equilibrium using a synchrotron x-ray source 14 .
Upon photo-excitation via femtosecond optical pulses, hot electrons are generated, populating states above the Fermi level, which then decay through allowed electron-electron and electron-phonon scattering channels. These incoherent scattering processes should, in principle, weaken the nematic fluctuations, which may allow the crystal structure to recover the original four-fold symmetry, i.e., the tetragonal phase.
To test the aforementioned conjecture, Fig. 3a -b show the temporal evolution of the split (118) T peaks for a temperature T s > T > T N , along a line cut on the area detector (indicated in the inset). As a function of time the two orthorhombic peaks neither merge nor come closer, showing no signature of any ultrafast structural change from orthorhombic to tetragonal symmetry within ∆t = 4.5 ps after photo-excitation. Also, no evidence is found for a change of the lattice parameters in the picosecond regime, as the profile of the Bragg peaks does not shift or broaden (Fig. 2b) . Therefore, we conclude that a structural transition, a process that involves the movement of all atoms to eliminate the orthorhombic structural domains 29 and also depends on the strain potential from the bulk material, does not occur in BaFe 2 As 2 on these ultrafast time scales at an absorbed fluence of 2.9 mJ/cm 2 -approximately half of the sample damage threshold observed in the experiment.
Direct quantification of the coherent lattice dynamics. Careful examination of the diffraction pattern as a function of time reveals ultrafast lattice dynamics. As shown in Fig. 3c , the intensity of both split Bragg peaks exhibits a time-dependent modulation following photo-excitation, suggesting that the entire probed sample volume is in a coherent oscillatory state with a period of approximately 185 fs.
This coherent state is characterized further at a slightly elevated temperature T > T s , where the improved signal-to-noise ratio facilitates a quantitative analysis, as the scattered intensity is concentrated in one single Bragg peak. Figure 4 shows the temporal evolution of the (118) T line cut (Fig. 4a ) and the integrated counts on the area detector ( To better understand and quantify the lattice dynamics associated with the coherent excitation of the A 1g phonon, we have performed a structure factor calculation. Since the associated eigenmode involves only the vertical displacement of the arsenic atoms, the structural change can be parametrized by the Fe-As-Fe bond angle α (Fig. 1a) . In the presence of the A 1g bond angle mode the structure factor can be written as
where n indexes individual atoms in the unit cell, f n is the dispersion-corrected atomic scattering factor 30 , r n (α) is the atomic position and G hkl is the scattering vector. The α-dependent diffracted intensity is obtained from the relation
The calculated relative intensity change I 118 (α)/I 118,eq is shown in Fig. 5a . The signal clearly increases from its equilibrium value with decreasing α. A comparison with the raw data in Fig. 4b reveals that the initial ultrafast increase of the (118) T Bragg peak intensity is associated with an ultrafast decrease of the bond angle ∆α max = −0.62(4)
• . Figure 5b depicts the temporal evolution of the bond angle change ∆α(t), as deduced from the raw data shown in Fig. 4b without deconvolution of the finite time resolution, revealing an A 1g oscillation amplitude ∆α osc = 0.27(8)
• (averaged amplitude of the first three oscillations, the error is determined by the standard deviation), in addition to the initial decrease of α. Throughout the analysis we reference to the one iron Brillouin zone (BZ) notation, which provides additional clarity when discussing the evolution of the band structure and Fermi surfaces as a function of α. The magnetic moment, and hence the Néel temperature T N , is determined at the mean-field level for a multi-orbital electron-electron interaction with parameters tuned to stabilize a Q = (π, 0) SDW with six electrons per site 33, 34 . We assume that the pnictogen height, which controls the bond angle α, primarily affects the band structure parameters associated with the d xy orbital: the nearest and next-nearest neighbour hopping integrals 19, 35 . While the pnictogen height also affects other parameters, these changes are shown to have more influence at higher binding energies and less on the band structure close to the Fermi level 19, 26 . To mimic the bond angle in BaFe 2 As 2 , we subtract 2.4
• from the equilibrium value of α in LaFeAsO and extrapolate the intra-orbital d xy hopping integrals linearly over a range of α following the dependence determined from Ref. 19 . We note that the derived band structure (Fig. 6a) qualitatively agrees with the known SDW-folded band structure 36, 37 . and magnetic properties, it would be tantalizing to investigate how this transient coherent oscillatory state affects superconductivity in doped compounds. Theoretical and experimental studies already suggest an intimate connection between the Fe-As-Fe bond angle, the superconducting transition temperature 21, 22 , and the symmetry of the superconducting order parameter 19 .
Methods
The BaFe 2 As 2 single-crystal was grown from self-flux and was of a millimetre size. It had a platelike shape with the tetragonal c-axis perpendicular to the scattering surface that was prepared by cleaving. The lattice dynamics of the photo-excited single-crystal were studied at the X-ray Pump Probe (XPP) instrument of the Linac Coherent Light Source (LCLS) x-ray free electron laser 40 at the SLAC National Accelerator Laboratory, benefiting from superb time resolution and x-ray pulse intensity. A dedicated sample chamber was assembled, allowing for low-temperature pump-probe hard x-ray scattering. All data reported here were measured at nominal temperatures T = 137 − 140 K. The BaFe 2 As 2 single-crystal was excited with an optical pump pulse and, thereafter, probed by a hard x-ray pulse. Both were operated with a repetition rate of 120 Hz.
The pump laser provided a p-polarized 800 nm IR pulse with a duration of ∼ 55 fs. The angle of incidence was 2 • with a spot size of 65 x 80 µm 2 (h x v, Gaussian FWHM), yielding an absorbed fluence of 2.9 mJ/cm 2 . As the probe, p-polarized E = 8.7 keV x-rays from a silicon (111) monochromator, with a pulse duration of ∼ 45 fs, were used, resulting in a flux of ∼ 10 10 photons per pulse on the sample-well below the damage threshold. A combination of upstream slits and beryllium compound refractive lenses shaped the x-ray beam to 15 x 30 µm 2 , in order to fit the photo-excited sample volume at 0.5 • grazing incidence. 8.7 keV x-rays were used to match the penetration depths of the pump and probe pulses. The arrival time between the pump laser and the x-rays was measured pulse by pulse to allow for time-sorting 41 that mitigates the intrinsic jitter of the FEL and yields an overall time resolution of better than 75 fs. The x-ray diffraction patterns were recorded using a CSPAD-140k detector 42 at full beam rate.
The Python package periodictable 1.4.1 was used to compute the dispersion-corrected atomic scattering factors 30 in the structure factor calculation. superconductivity is found to be maximal in iron-based compounds 21, 22 . The line is a fit through the full data set as obtained from the mean-field calculations. 
